Background: The genus Camellia, belonging to the family Theaceae, is economically important group in flowering plants. Frequent interspecific hybridization together with polyploidization has made them become taxonomically ''difficult taxa''. The DNA content is often used to measure genome size variation and has largely advanced our understanding of plant evolution and genome variation. The goals of this study were to investigate patterns of interspecific and intraspecific variation of DNA contents and further explore genome size evolution in a phylogenetic context of the genus.
Introduction
The genome size is the amount of DNA in an unreplicated, basic, gametic chromosome set [1] . The study on genome size variation often provides a strong unifying element in biology with practical and predictive uses. Myriad organismal and ecological traits are frequently associated with the variation in genome size [2] , [3] , [4] . Therefore, the measurement of the DNA content and genome size is often employed to better understand plant evolution and enhance comparative analyses of genome evolution [5] .
Genome size variation among angiosperms nearly 2400-fold, ranging from 1C = 0.06 pg in Genlisea margaretae to 1C = 152.23 pg in the Paris japonica [6] , with an extensive variation occurring even within groups. The average within-genus size variation is 3-fold, with an upper bound of more than 63-fold [7] . Indeed, intraspecific variation in genome size has also been observed in many plants [8] , [9] . The observed 37% variation in DNA content was found to be correlated with the number and size of heterochromatic knobs in Zea mays [10] . Another example is DNA content of flax, Linum usitatissimum, which may vary within a single generation when the plants are grown under specific environmental conditions [11] . However, Greilhuber [12] suggested that earlier numerous reports of genome size variation below the species level were dismissed by inaccurate methods which lead to the unreliable measurement results, as clearly shown in studies on endogenous staining inhibitors [13] , [14] , [15] . Moreover, a great stability of the nuclear genome size has been reported in geographically isolated populations of Sesleria albicans [16] , different species of Settaria [17] , Cistus [18] , Capsicum [19] , and diverse cultivars of pea and onion [20] , [21] . Nevertheless, these findings should instantly provoke the question whether it is a real variation in DNA amount or simply an artifact of intraspecific variation in genome size.
The relative frequency of increases and decreases in DNA content still remains unresolved in angiosperm phylogeny [22] . Besides polyploidization, genome size is primarily influenced by the proportion of non-genic repetitive DNA, much of which originates from transposable elements [23] , [24] . In particular, copy number of retrotransposons may dramatically vary from one to another genome [25] , [26] . An increase in genome size may result from the amplification and accumulation of retrotransposons. Nevertheless, the decrease in genome size can be caused by a higher overall rate of deletions than insertions, selection against transposable elements, unequal crossing over, and illegitimate recombination [27] . The occurrence and extent of genome size variation among and within plant species as well as evolutionary mechanisms behind still remain controversial and more investigations are fairly needed.
The genus Camellia has been long attracted considerable attention due to its greatly economic values, broadly geographic distribution and remarkable species diversity. The main economic value of Camellia is the production of tea made from the young leaves of C. sinensis var. sinensis and C. sinensis var. assamica. In addition, C. oleifera has been primarily used for cooking oil extracted from seeds [28] . Besides, Camellia species are of great ornamental values especially represented by C. japonica, C. reticulata and C. sasanqua. The genus is taxonomically ranked as one of the most challengingly difficult taxa in plants, whose complexity is primarily governed by frequent hybridization, accompanied by polyploidization and subsequent stabilization of novel forms by clonal growth [29] . The classification of species using a morphology-based system is often changeable and also disputed based on chromosome pairing behavior of hybrids [30] . As a result, the boundaries between taxa of various ranks are still a subject of dispute. According to Chang et al. [31] , Camellia was classified into a total of 18 sections of four subgenera, which approximately comprised 361 species. However, Min et al. [28] taxonomically classified the genus into 14 sections of two subgenera, consisting of only about 120 species. The available sequence-based phylogeny of this genus is necessarily limited, and many controversies have long existed with regard to their taxonomical classification. The nuclear DNA content is in some cases useful as a supportive marker for a reliable delineation of problematic taxa and possesses a predictive value to infer evolutionary relationships [32] . Unfortunately, the lack of nuclear DNA contents apparently prevents us from understanding the diversification and evolution of the Camellia species. The knowledge of interspecific and intraspecific patterns of genome size variation may help to enlighten the evolution and particularly the involved evolutionary events such as hybridization and polyploidization in the genus. In the present study, we estimated genome size of C. sinensis var. assamica by using flow cytometric analysis. In the hope of better understanding the diversification and evolution in the genus Camellia, we extensively investigated interspecific and intraspecific patterns of DNA content variation in representative sections and species. The data presented here are intended to fill a gap that exists in the current genomic knowledge base of Camellia and take nuclear DNA content variation as a useful marker to predict and infer evolutionary relationships in such problematic taxa.
Materials and Methods

Plant materials
Materials of the Camellia plants used in this study were kindly provided by Kunming Institute of Botany (Chinese Academy of Sciences), Tea Research Institute (Yunnan Academy of Agricultural Sciences, China) and International Camellia Species Garden (Jinhua, Zhejiang, China) from May to July of 2010. All necessary permits were obtained for the described field studies; names of the persons or authority who issued the permission for each location are as below: Wei-bang Sun, Kunming Botanical Garden, Chinese Academy of Sciences; Ming-zhi Liang, Tea Research Institute, Yunnan Agricultural Academy of Sciences, Yunnan, China; Jiyuan Li, International Camellia Species Garden, Jinhua, Zhejiang, China. We collected flowers, leaves and buds from field-growing trees, which were either analyzed immediately or maintained in a refrigerator on moistened paper for a maximum of two days until use. Considering many controversies of the genus Camellia, the collected plant materials were classified and analyzed by using two taxonomical treatments (Min taxonomic system: MTS; Chang and Ren taxonomic system: CRTS) [28] , [31] in hope of the delineation of problematic taxa based on nuclear DNA contents.
Sample preparation
Approximately 40-50 mg of flowers, leaves and buds were separately used for the sample preparation. Nuclei suspensions were improved according to Galbraith et al. [33] and WPB isolation buffers [34] , including 0.2 mM Tris.HCl, 4 mM MgCl 2 .6H 2 O, 2 mM EDTA Na 2 .2H 2 O, 86 mM NaCl, 2.0 mM dithiothreitol (Sigma-Aldrich CHIEMIE Gmbh, Steinheim, Germany), 1% (w/v) PVP-10, 1% (v/v) Triton X-100, (pH 7.5). For each case, 1 mL of ice-cold nuclei suspensions was added to a Petri dish containing the plant tissue, which was chopped using a sharp razor blade. The resulting homogenate was filtered through a 50-mm nylon filter to remove cell fragments and large debris. Nuclei were treated with 50 mg mL 21 RNase (Fluka, Buchs, Switzerland) and stained with 50 mg mL 21 propidium iodide (PI) (Sigma, St. Louis, MO, USA). The samples were kept on ice until further uses. Maize (Z. mays L. cv. B73) with a DNA content of 1C = 2.35 pg, namely 2300 Mb [35] , was employed as a standard.
Flow cytometry measurements
Nuclear samples were analyzed by using a BD FACSCalibur (USA) flow cytometer. The instrument was equipped with an aircooled argon-ion laser tuned at 15 mW and operating at 488 nm. PI fluorescence was collected through a 645-nm dichroic long-pass filter and a 620-nm band-pass filter. The amplifier system was set to a constant voltage and gained throughout the experiments. Usually, 10,000 nuclei were analyzed for each sample. The results of flow cytometry were further analyzed by using the Cellquest software and gated to selectively visualize all cells of interest which gather densely in dotplot map while eliminating results from unwanted particles. Here, CV = D/M6l00%, D is the standard deviation of the cell distribution and M is the average of cell distribution. The average of coefficient of variation values (CV) was used to evaluate the results with which CV,5% were considered as reliable. Nuclear DNA content was calculated as a linear relationship between the ratio of 2C-value peaks of the sample and standard.
Tests for inhibitors
To determine the impact of secondary metabolites on the fluorescence of nuclei, we tested the unidentified compounds in leaves of C. sinensis var. assamica cv. yunkangshihao that reduce PI fluorescence of maize (Z. mays L. cv. B73) nuclei as follows. Treatment A consisted of PI-stained nuclei from the independently processed and stained 20-25 mg leaves of C. sinensis var. assamica and Z. mays, respectively. C. sinensis var. assamica and Z. mays were simultaneously processed (co-chopped) and stained with PI, called as treatment B. After staining, these samples were individually measured for mean PI fluorescence, and the experiment was replicated for a total of three times. The fluorescence of nuclei from leaves of the marker simultaneously processed with C. sinensis var. assamica materials was compared with that from independently processed leaves of the marker and gave evidence of inhibitors.
Statistical analyses
Differences and correlations among variables between the Camellia species as well as different tissues were statistically tested using one-way ANOVA implemented with the software SPSS (SigmaStat for Windows Version 3.1, SPSS Inc., Richmond, CA, USA).
Results
Optimization of DNA flow cytometry for the Camellia species
In this study, a total of five nuclear isolation buffers were compared, which included Galbraith [33] , LB01 [36] , Otto [37] , [38] , Tris.MgCl 2 [39] , and WPB [34] (data not shown). An improved WPB isolation buffer was finally chosen and employed in the flow cytometry, which was able to counteract the negative effects of tannic acid better than the other four buffers [40] , [41] . The optimization of DNA flow cytometry generated high-quality results with low CV,5% in the present study. To determine a suitable plant tissue for the flow cytometry analysis for the Camellia species, we sampled and detected a total of three tissues, including flowers, leaves and buds from the eight species, representing up to five sections of the genus, C. oleifera, C. pyxidiacea var. rubituberculata, C. impressinervis, C. grijsii var. grijsii, C. reticulata (cv. honghuayoucha and cv. zipao), C. editha, and C. japonica (cv. feilipu). The nuclear DNA contents of Camellia species were presented as picograms and the variability of 2C-values among different tissues from a single specie was tested using one-way ANOVA (Table 1) . Our results showed that 2C-values of the three tissues from a single Camellia plant had no significant differences between each other (P.0.05). The estimation of 2C-values, taking C. impressinervis for example, were 4.5660.167, 4.5960.138 and 4.6160.161 pg for flower, leave and bud, respectively (P = 0.925.0.05). The largest discrepancy (0.13 pg/2C) between 2C-values of the three tissues were observed in C. editha, with 2C-value of 5.6560.123 pg in flowers and 5.5260.409 pg in leaves, respectively (P = 0.782.0.05). The standard deviation (SD) of 2C-value of three tissues from a single plant was more evident in the species with a large genome than the species with a small genome. For example, C. oleifera with the highest SD (0.691) in flowers and buds had the average 2C-value of 17.47 pg, while 2C-values of the three tissues of C. oleifera had no significant differences between each other (P.0.05). In addition, results showed that the flower color pigments had no obvious influence on staining results (Table 1) . In order to test the impact of cytosolic compounds on the fluorescence of Camellia nuclei, we further measured and compared two filtrates of C. sinensis var. assamica cv. yunkangshihao (Fig. 1a) and Z. mays L. cv. B73 (Fig. 1b) which were treated individually, with a mixed filtrate which was co-chopped together (Fig. 1c) . The PI fluorescence (linear values) of C. sinensis var. assamica and Z. mays was 90.20 and 71.35, respectively, when they were individually treated. In the cochopped treatment, the PI fluorescence (linear values) for these two species was 90.09 and 70.01, respectively, with lower intensity peaks compared with the former. There existed 0.11 and 1.34 differences of PI fluorescence between samples treated individually and simultaneously. The average of CV were 3.27% and 2.29% for C. sinensis var. assamica (Fig. 1a) and Z. mays (Fig. 1b) alone, while the average of CV were 1.72% and 2.93% for them (Fig. 1c) , respectively, which were simultaneously processed and stained.
Intraspecific genome size variation within C. sinensis var. assamica
To determine the extent and patterns of intraspecific nuclear DNA content variation, we sampled a total of 17 cultivars of C. sinensis var. assamica, which extensively represent different geographic and ecological origins of the species in Yunnan Province, China ( Table 2 ). The 2C DNA content varied only 1.1-fold among different cultivars from 5.8260.119 pg in C. sinensis var. assamica cv. zijuan to 6.4560.559 pg in C. sinensis var. assamica cv. manghui, with a standard deviation of 0.20. Based on the mean DNA content of all the measured cultivars (1C = 3.01 pg), the genome size of C. sinensis var. assamica was estimated to be 2940 Mb by using 1 pg DNA = 978 Mb [42] . To determine the relationship between latitudes and DNA contents of those measured C. sinensis var. assamica cultivars, we further performed the regression analysis of them. The results exhibited an R 2 value of 0.033 and a low slope value of -7.418e-5, which was not statistically different from zero ( Fig. 2) .
Interspecific genome size variation of sections Thea and Camellia
The 2C-values of the 31 diploid species were measured in the section Thea [43] (Table 3 ). The 2C DNA contents varied 1.5-fold among these species, ranging from 4.4560.293 pg in C. gymnogyna to 6.5160.085 pg in C. ptilophylla. The overall mean nuclear 2C DNA content of all studied species was 5.60 pg with a 0.63 standard deviation. The DNA contents of interspecific variation (1.5-fold) in the section Thea, as expected, was somewhat larger than intraspecific variation (1.1-fold) among the representative cultivars of C. sinensis var. assamica. Apparently, our estimates of DNA ploidy (2n = 2x) based on DNA contents of these measured species were confirmed by conventional chromosome counting (2n = 30) ( Table 3 ). The estimated 2C-values of the 22 species from the section Thea were then marked along the phylogenetic tree to show genome size variation and evolutionary relationships among species (Fig. 3) . The phylogenetic tree was constructed by using UPGMA and Nei and Li's similarity coefficient from pairwise comparisons between the species based on RAPD markers [44] . In spite of slight variations, nuclear DNA contents were not randomly distributed and appeared largely conserved across the majority of the species under investigation. However, C. fengchengensis (4.6460.341 pg) and C. pubescens (4.7460.223 pg) were apparently found to exhibit lower DNA content than other species. Such decreased estimates of DNA content seemingly led to counterpart differences between two pairs of closely related species, C. parvisepaloides (5.9460.243 pg) and C. fengchengensis (4.6460.341 pg), C. pubicosta (6.2460.196 pg) and C. pubescens (4.7460.223 pg), with D 2C DNA contents of 1.3 and 1.5 pg, respectively.
To investigate variations of DNA contents and polyploidy levels in the section Camellia, we measured 2C-values for a total of 53 species (CRTS) which were commonly recognized by the two taxonomical treatments [28] , [31] (Table 4 ). All studied species mentioned below were followed by Chang and Ren's taxonomic system (CRTS). The 2C -values varied 8.9-fold from 2.8660.171 pg in C. delicata to 25.3560.484 pg in C. lanosituba (Table 4 ). The mean 2C-value of the section Camellia species was 8.61 pg, with a 5.78 standard deviation, larger than that of the section Thea (5.60 pg) with a 0.63 standard deviation. Figure 4a showed that the changes in DNA 2C-values of the 53 examined species arranged by increasing DNA amount in the section Camellia. Their 2C-values were greatly lower than 6 pg, and a small part of them were larger than 20 pg. Based on our results, these 2C-values were classified into the four groups (Group 1: ,6 pg, Group 2: 6-10 pg, Group 3: 10-20 pg, and Group 4: .20 pg) (Fig. 4a, b) . The 2C DNA contents of 31, 4, 15 and 3 species were found to fall into groups 1, 2, 3 and 4 with the percentages of 58.5%, 7.5%, 28.3% and 5.7%, respectively (Fig. 4b) .
The estimated 2C-values were then marked to the phylogenetic tree of the section Camellia constructed based on ITS sequences [45] (Fig. 5) . The results revealed that DNA contents were mainly conserved among closely related species. Within Clade I (79%), for example, C. japonica, C. semiserrata, C. phellocapsa, C. semiserrata var. albiflora, C. chekiangoleosa, C. liberistanmina and C. crassissima closely clustered together (76%) and displayed a fairly conservation of DNA contents of approximately 3.5160.441 pg (C. phellocapsa) -4.9460.502 pg (C.chekiangoleosa). Nevertheless, C. magniflora, C. compressa, C. oviformis, C. concina and C. lungshenensis clustered together (88%), but their DNA contents increased from C. lungshenensis (2C = 9.1860.470 pg) to C. magniflora (2C = 21.0460.561 pg). In addition, C. polyodonta appeared closely related with C. villoda (99%) and exhibited a conserved DNA content which was much smaller than the above-mentioned species within Clade I. Those species included within Clade II (92%) showed a conserved DNA content of up to 10 pg except for C. pitardii (2C = 4.3060.230 pg) and C. tunganica (2C = 4.8160.436 pg), which were much lower than that of other species from the same lineage. Genome size variation among the Camellia species from representative sections of the genus Nuclear DNA contents were more extensively sampled and examined, in addition to the above-described sections of Thea and Camellia, for a total of 38 representative species from the 10 sections [28] or 13 sections [31] in the genus Camellia (Table 5 ). The chromosome numbers of those measured species which were adopted from previous studies and ploidy levels which were estimated based on DNA contents were showed in Table 5 . The genus Camellia was phylogenetically split into the two subgenera, Camellia and Thea [28] . Superimposing 2C-values onto a phylogenetic tree provides an interpretation of the evolutionary direction(s) of genome size evolution in the genus Camellia (Fig. 6 ). Increases in DNA content have apparently occurred not only in the subgenus Thea but also in the subgenus Camellia. The subgenus Camellia apparently exhibited a larger DNA content variation (10.0-fold, 2C = 2.54-25.35 pg) probably due to the polyploidization than the subgenus Thea.
Discussion
Performance of flow cytometry for the Camellia species
High content of cytosolic compounds in the tissues of plants like the Camellia species often attracts the attention to facilitate the selection of the most appropriate buffer [46] . In addition to releasing nuclei from intact cells, lysis buffers must ensure the stability of nuclei throughout the experiment, protect DNA from degradation and ease stoichiometric staining. We finally selected and employed an improved WPB isolation buffer in the flow cytometry, which was able to counteract the negative effects of tannic acid (TA) [41] and reliably provided excellent results with lower CV,5%. In the improved WPB isolation buffer, PVP was added to bind the phenolics kept in a reduced state [34] and thus suppressed the TA effect [41] . The antioxidant dithiothreitol, a substance that preserves chromatin integrity and minimizes stoichiometric errors in the DNA staining was also added in the experiments. Loureiro et al. [34] also confirmed that WPB is suitable for the analysis of problematic tissue or species. The explanation for our excellent results of this WPB buffer may be able to improve chromatin accessibility and 'homogenizes' chromatin structure, eliminating differences in staining intensity among nuclei with the same DNA content. The suitable plant tissues for flow cytometry should ideally contain rapidly dividing cell without substances that interfere with the experiment. In the eight investigated species of Camellia, comparisons of flow cytometry data obtained from the flowers, leaves and buds Figure 3 . Nuclear DNA contents and evolutionary relationships among members of the section Thea [31] . The phylogenetic tree of the section Thea was constructed by using UPGMA and Nei and Li's similarity coefficient from pairwise comparisons between the 22 species and varieties based on RAPD markers [44] . The estimated 2C-values for each species are shown on the right of species, while the 1C DNA amount (pg) which also equals the genome size is shown by N . showed little discrepancy of DNA contents among different tissues. Accordingly, leaves were selected for the evaluation of DNA contents in the next experiments in the present study. In the leaves of Camellia, specialized cells often accumulate different phenolic compounds, such as tannins in particular, which may interfere with the flow cytometry [47] , [48] . Because phenolic compounds and other oxypurines are known to bind with DNA, modify DNA-supercoiling, and form a complex with intercalating dye [49] . The experimental artifacts were observed in Pinaceae species [50] , which was called as 'tannic acid effect' [40] . However, the opposite results were obtained in the nuclei of sunflower leaves isolated in Galbraith's buffer, despite increasing the variance of the peaks [14] . Other oxypurines and alkaloids could interfere with the phenolic effect [51] . For the tea tree, dye accessibility variations are likely to be the result of caffeinechlorogenic acids (CGA) interactions, which is often rich in secondary metabolites [15] . In our experiment, we found that C. sinensis var. assamica brought impurity into the solution showing with low intensity peaks, and thus led to the slight variation of PI fluorescence of maize when they were treated simultaneously (Fig. 1) . The competition between PI and phenolic compound is thus expected, resulting in a drop in PI accessibility to DNA. Nevertheless, the impact of secondary metabolite on the fluorescence of Camellia nuclei is slight with a 0.1 pg/2C discrepancy so that it is enough to gain credible estimates of Camellia DNA content by flow cytometry. In this study, maize (Z. mays L. cv. B73) with a DNA content of 1C = 2.35 pg was used as the standard to estimate nuclear DNA contents of the Camellia representative sections and species. An ideal scenario is to use the plant species whose genome has been completely sequenced as a reference standard and thus the genome size may accurately be determined. However, up to date, there are not any genomes have been fully sequenced, given the assembly difficulties of repeat sequences and particularly heterochromatin regions in telomeres and centromere that cannot be easily sequenced. While it is certainly true that the C-values assumed for standards can vary depending on a number of factors [52] , [53] , [54] , this study selected maize as a reference since genome size of the species has been roughly determined comparing with numerous plants without genome sequences available [35] . Among the other sequenced plants, the estimated genome size of maize (,2300 Mb) is comparatively close to the tea tree, and thus may be suitable to serve as a standard and obtain a relatively reliable estimation of the Camellia species.
Genome size estimation of C. sinensis var. assamica and its intraspecific variation
As C. sinensis var. assamica was reported as a diploid (2n = 30) [55] , karyological uniformity and the characteristic of all cultivars of the species make it a suitable example to study intraspecific genome size variation. The 2C DNA content varied 1.1-fold among 17 cultivars of C. sinensis var. assamica, indicated that there was a low level of intraspecific variation of the genome size among the measured cultivars of C. sinensis var. assamica. Despite the fact that genome size is more likely constant at species level, intraspecific variation was indeed observed and characterized in various plant species [19] . Genome size variation is common among congeneric species [56] , subspecies [57] and populations [58] , [59] . This is particularly noticeable in the species with extensive geographic distribution that shows high morphological differentiation and includes several subspecific categories. In the absence of polyploidy and changes in chromosome number [60] , significant variations in genome size could be due either to fluctuations within highly repetitive DNA such as retrotransposons [27] , [61] or to structural rearrangements such as small amplifications and deletions at the individual chromosomal level [62] . In addition, the simultaneous presence of 'phenolicsalkaloids' could lead to interactions and slight intraspecific variations in nuclear DNA content of C. sinensis var. assamica [15] . In this study, our results showed that there was a lack of latitudinal effect on intraspecific variation in genome size of the examined cultivars of C. sinensis var. assamica. Based on the mean DNA content of all the measured cultivars (1C = 3.01 pg), the genome size of C. sinensis var. assamica was estimated to be 2940 Mb by using 1 pg DNA = 978 Mb [42] . Our result apparently conflicted with a previous estimation that genome size of C. sinensis was estimated to be 4000 Mb [63] . The discrepancy might originate from RNA digestion by RNase Figure 5 . Nuclear DNA contents and evolutionary relationships among species of the section Camellia [31] . The phylogenetic tree was constructed based on ITS sequences [45] . and fluorescent-dye which were simultaneously performed [63] , resulting in an overestimation due to the interference of RNA binding with PI. Note that this is the first effort to estimate genome size of the Camellia species by using a standard with which genome size is better known from the sequenced genome. Thus, another likely explanation is that the internal standards formerly employed were based on uninsurable estimates of genome size from organisms (e.g. soybean and wheat) yet to be sequenced.
Interspecific genome size variation in the genus Camellia
The DNA contents of interspecific variation (1.5-fold) in the section Thea, as expected, was somewhat larger than intraspecific variation (1.1-fold) among the representative cultivars of C. sinensis var. assamica. Apparently, our estimates of DNA ploidy (2n = 2x) based on DNA contents of these measured species were confirmed by conventional chromosome counting (2n = 30). Given the absence of polyploidization and changes in chromosome number in the section Thea [43] , [55] , it is likely that the variations in genome size among different species might be caused by fluctuations within highly repetitive DNA such as retrotransposons [27] , [61] and structural rearrangements [62] . The present study revealed that, in spite of slight variations, nuclear DNA contents were not randomly distributed and appeared largely conserved across the majority of the species under investigation. There were different opinions with regard to taxonomic treatment on C. pubicosta, which was classified into the section Thea by Chang et al. [31] but was recently treated as a member of the section Corallinae by Min et al. [28] . Considering that differences within related species were much fewer than those irrelevant species [11] , the finding suggests that C. pubicosta and C. pubescens might have a distant relationship at least in term of genome size evolution and thus require to further study the taxonomic treatment on C. pubicosta.
The section Camellia is a taxonomically complicated group of plants that is substantially influenced by frequent interspecific hybridization and polyploidization [28] . The mean 2C-value of the section Camellia species was 8.61 pg, with a 5.78 standard deviation, larger than that of the section Thea (5.60 pg) with a 0.63 standard deviation. While levels of polyploidy used in this study were based on previous chromosome counts, the results should always be designated as ''DNA ploidy'' or ''DNA aneuploidy'' as some chromosome counts are lacking [64] . Only with the aid of FCM, has it been possible to reliably assess ploidy distribution at various spatial scales, interactions among cytotypes, and evolutionary processes in diploid-polyploid sympatric populations [65] , [66] . Based on the estimation of DNA contents, DNA ploidy levels for the 53 studied species were approximately determined (Table 4 ; Fig. 4 ). We inferred that DNA ploidy levels of the studied species ranged largely including 2n = 2x, 4x, 6x, 8x, 10x and 12x when an average estimation of ,4.91 pg was applied at the diploid level. Although ploidy estimation by cytometric techniques is generally considered to be a trivial task, some precautions should be taken during data interpretation [64] . For example, there is a possibility that changes in genome size independent of polyploidy could be taking place within the genus Camellia. Our estimates of different DNA ploidy levels of these measured species should be further confirmed by conventional chromosome counting. Chromosome counts (2n = 30, 45, 60, 90, 120) [55] , [67] , [68] and our estimates of different DNA ploidy levels (2n = 2x-12x) of these measured species ( Table 4 ) together indicate that the polyploidization and interspecific hybridization may mainly account for the patterns of large DNA content variation in this section. It is the polyploidization that has made the evolution of DNA content within the section appears phasic variation rather than gradual. In addition, our results showed that DNA content varied among different diploid species, suggesting that there may be the other factors causing the difference of genome size in this section. The most likely explanation is the varied extent of amplification of repeat sequences [4] , [60] occurred in different species and possible hybridization between closely related taxa [58] . We further showed that DNA contents were mainly conserved among closely related species and its variation is nearly consistent to evolutionary Figure 6 . Nuclear DNA contents and evolutionary relationships among members of the genus Camellia. The indicated phylogenetic relationships of the genus were constructed by using morphological data and adopted from Min et al. [28] . The numbers in brackets for each section represent the number of species with the measured nuclear DNA content followed by the total number of species comprising the section. The mean 2C DNA amount is indicated by N for each section, while the range is shown as a line from the minimum to maximum 2C DNA amounts. The two subgenera recognized in Camellia are given on the right side of the figure. doi:10.1371/journal.pone.0064981.g006 Table 5 . Nuclear DNA amount of representing species in the genus Camellia estimated with flow cytometry.
Species (Min et al. 2010) [28] Species (Chang and Ren, 1998 relationships of the section Camellia species, as indicated by molecular phylogenetic evidence [45] . Accordingly, our results further support that nuclear DNA content has a predictive value for inferring evolutionary relationships [32] . While genome size data can help to understand evolutionary relationships, there are many cases where the variation between species is not at all helpful as one can get big differences in genome size between closely related species.
Genome size evolution of the genus Camellia
Many studies on a currently unresolved question on the variation of DNA contents from a phylogenetic perspective suggested that the evolutionary direction(s) of DNA content in plants could increase [27] , decrease [22] , [57] , or exhibit a biodirectional dynamic [1] . The genus Camellia was phylogenetically split into the two subgenera, Camellia and Thea [28] . Increases in DNA content have apparently occurred not only in the subgenus Thea but also in the subgenus Camellia. Our results suggested that the 'increase' hypothesis for genome size evolution may hold true in the genus Camellia. There are a small number of reductions of DNA content in certain lineages might due to an incomplete sampling. We found that the diploid species account for a large percentage of those measured species, representing in all those sampled sections. It seems likely that the speciation occurred among different sections of the genus earlier than polyploidization events, leading to that all sections contained diploids in addition to polyploidy species. It is clear that polyploidization occurred more frequently in the recently diverged sections (e.g. sections Paracamellia and Camellia, MTS) than other sections (e.g. section Stereocarpus, MTS) in the two subgenera. In addition, the majority of the 26 studied Camellia species are hexaploid. It may be inferred that the polyploidization may main lead evolutionary direction of the genus Camellia, which is consistent to the previous study [69] . Moreover, artificial selection might have played an ineligible role in genome size evolution of the genus Camellia on account of the advantages and ornamental value of polyploidy with large flowers. With the hope of outlining a full picture of genome size variation and evolution of the genus Camellia, the future work is needed to investigate phylogenetic relationships, karyotypes and genome sizes of other undetermined species. 
